Strigolactones (SLs) are a group of terpenoid lactones that were discovered in the 1960s. They were initially characterized as allelochemicals secreted from roots to the rhizosphere, and have functions in parasitic and symbiotic interactions with root parasitic plants and arbuscular mycorrhizal (AM) fungi, respectively. In 2008, SLs were shown to act as endogenous hormones that regulate shoot branching. The discovery of a hormonal function for SLs has provided a link between genetically studied shoot branching mutants and chemically characterized SLs in earlier studies. This has offered new strategies and experimental tools to address a number of intriguing questions as to the biological function and molecular action of SLs. In this review, we will provide an overview of recent topics on SLs, and highlight new discoveries regarding its biosynthetic pathway and multiple hormonal roles in plant development and adaptive responses.
Introduction
Shoot branching involves the formation of axillary buds and subsequent outgrowth of the buds in the axils of leaves. In the 1990s, a collection of mutants with an excess shoot branching phenotype was isolated, including ramosus (rms) of pea, decreased apical dominance (dad) of petunia and more axillary growth (max) of Arabidopsis. Grafting experiments using these mutants suggested that a long-distance, graft-transmissible signal is involved in the inhibition of axillary bud outgrowth. These grafting experiments also suggested that some of the branching mutants are defective in the biosynthesis of the root-derived graft-transmissible signal, while others probably have a defect in the response to this signal (for a review, see Ongaro and Leyser 2008) .
Molecular cloning of the MAX genes as well as some RMS and DAD loci supported the hypothesis. MAX3/RMS5 and MAX4/RMS1/DAD1 were shown to encode carotenoid cleavage dioxygenase 7 (CCD7) and CCD8, respectively ( Fig. 1) , suggesting that the novel shoot branching inhibitor might be derived from carotenoids. In addition, MAX1 was shown to be a member of the Cyt P450 superfamily, members of which are often involved in the metabolism of lipophilic small molecules. These findings are consistent with the idea that MAX3/RMS5, MAX4/RMS1/DAD1 and MAX1 participate in the biosynthesis of a carotenoid-derived signal. MAX2 and RMS4 are orthologous members of the F-box protein family, which are known to be the substrate recognition subunit of SCF ubiquitin E3 ligase for proteasome-mediated proteolysis. Some members of this protein family include TIR1, COI1 and GID2/SLY1, all of which are responsible for the perception or signal transduction of a hormone (for a review, see Lechner et al. 2006) . Studies using a subgroup of rice dwarf (d) mutants and high tillering dwarf (htd) mutants that show excessive shoot branching (tillering) revealed that CCD7/D17, CCD8/D10 and D3, an F-box protein orthologous to RMS4/MAX2, are involved in shoot branching regulation in rice, suggesting the conservation of the molecular mechanism controlling shoot branching (Ishikawa et al. 2005 , Zou et al. 2006 , Arite et al. 2007 ).
In 2008, it became apparent that strigolactones (SLs) or SL derivatives inhibit shoot branching in the MAX/RMS/D pathway (Gomez-Roldan et al. 2008 , Umehara et al. 2008 . SLs are a class of terpenoids that were first discovered as stimulants of seed germination of root parasitic plants such as witchweeds (Striga spp.) and broomrapes (Orobanche and Phelipanche spp.) (for reviews, see Bouwmeester et al. 2007 . In 2005, SLs were shown to be involved in symbiotic interaction with arbuscular mycorrhizal (AM) fungi: they were re-discovered as inducers of hyphal branching Fig. 1 Previously (A and B) and newly (C) proposed biosynthetic pathways of SLs. (A) 9-cis-carotenoid or 9-cis-epoxycarotenoid is cleaved by CCD or NCED to yield C 15 aldehyde, which is then converted to 5-deoxystrigol via the formation of the ABC formyl lactone. (B) All-transb-carotene is successively cleaved by two CCDs to produce 13-apo-b-carotene. 13-Apo-b-carotene is then converted to a possible intermediate, ABC formyl lactone. Coupling of ABC-formyl lactone with the D ring part yields 5-deoxystrigol. (C) Carlactone is produced from all-transb-carotene by three enzymes, D27, CCD7 and CCD8. D27 catalyzes the isomerization reaction of all-trans-b-carotene at the C-9 position. Carlactone would be oxidized by some oxidation enzymes such as the Cyt P450 monooxygenase MAX1 and then converted to 5-deoxystrigol. Red, blue, green and orange characters indicate genes of Arabidopsis, rice, pea and petunia, respectively. Single arrows show single-step reactions, and two arrows denote possible multistep reactions. of AM fungi (Akiyama et al. 2005) . Thus, SLs function as root-derived allelochemicals in parasitism and symbiosis, and they are now known as endogenous hormones in plants.
The discovery of hormonal roles for SLs provided a link between genes genetically defined by shoot branching mutants and chemically characterized SL molecules. This has started to allow researchers to study the biochemical function of MAX/ RMS/DAD/D proteins, as well as exploring the hormonal roles of SLs in plant development in further detail using chemically synthesized SLs and SL analogs. In this review, we summarize recent advances in SL research and highlight new discoveries regarding SL biosynthesis and multiple hormonal roles of SLs in plant development.
Biosynthesis of Strigolactones
SL has a tricyclic lactone (ABC ring) and a methylbutenolide ring (D ring), and these two parts are connected through an enol ether bond (Fig. 2) . Although SLs were found >40 years ago, until recently very little was known about their biosynthetic pathway.
In 2005, it was reported that SL might be biosynthesized via the carotenoid pathway (Matusova et al. 2005) . Treatment of maize and cowpea with fluridone, an inhibitor of carotenoid biosynthesis, resulted in the reduction of the germinationstimulating activity of root exudates for Striga hermonthica. Furthermore, root exudates of some carotenoid metabolism mutant seedlings were also found to have significantly lower stimulating activity of S. hermonthica germination. These results suggested that SLs might be derived from carotenoids. Based on this notion, Matusova et al. (2005) proposed a possible biosynthetic pathway of SLs from carotenoid (Fig. 1A) . After the cleavage of (epoxy) carotenoid by 9-cis-epoxycarotenoid dioxygenase (NCED) or CCD, the product, possibly a C 15 aldehyde (Fig. 1A) , is converted to the ABC tricyclic lactone ring. This intermediate is then coupled with the methylbutenolide part (D ring) to form an SL, 5-deoxystrigol. Possible step-by-step reactions for the conversions of the C 15 aldehyde to the ABC tricyclic lactone have been discussed in detail (Rani et al. 2008) .
In 2008, it was shown that SL or its metabolites acts as an endogenous hormone that inhibits shoot branching (Gomez-Roldan et al. 2008 , Umehara et al. 2008 . These studies showed that some of the shoot branching mutants, including those defective in CCD7, CCD8 or a Cyt P450, are SL biosynthetic mutants: their excess branching phenotype can be restored by an application of GR24, a synthetic analog of SL. This discovery identified SL biosynthetic mutants for the first time, and suggested the involvement of CCD7, CCD8 and one Cyt P450 in the biosynthesis of SLs. Biochemical characterization of recombinant CCD7 and CCD8 proteins showed that CCD7 can cleave b-carotene to yield 10 0 -apo-b-carotenal (C 27 ) and that CCD8 can subsequently cleave the C 27 product to yield 13-apo-b-carotenone (C 18 ) (Schwartz et al. 2004) (Fig. 1B) . The second cleavage reaction was also evident when recombinant CCD8 from rice and pea was used (Alder et al. 2008 ). However, there was no evidence to show that these apocarotenoids are biosynthetic intermediates for SLs in vivo. We have fed 13-apo-b-carotenone to hydroponically grown rice d10 seedlings, but it did not inhibit tiller bud outgrowth and no conversion to SL in planta was evident (Alder et al. 2012, M. Umehara, H. Seto and S. Yamaguchi, unpublished results) . In addition, administration of the ABC formyl lactone alone or together with hydroxymethylbutenolide (D ring) (Fig. 1B) to SL biosynthetic mutant plants might result in the formation of SLs in planta and rescue the mutant phenotype, but it did not occur in pea (Boyer et al. 2012 ) and rice (M. Umehara and S. Yamaguchi, unpublished results). These results suggested that SLs might not be biosynthesized through the coupling of the tricyclic formyl lactone part and the methylbutenolide part (Fig. 1B) .
Later, another SL-deficient mutant of rice, d27, was characterized. The D27 gene was found to encode a member of a novel class of Fe-containing proteins and to localize to chloroplasts (Lin et al. 2009 ). However, the enzymatic function of D27 in the SL biosynthetic pathway was not immediately clear.
In 2012, a possible SL biosynthetic intermediate called carlactone was identified through biochemical analysis of three biosynthetic enzymes, D27, CCD7 and CCD8 (Alder et al. 2012) (Fig. 1C) . Arabidopsis CCD7/MAX3 was shown to use all-trans-b-carotene as a substrate in previous studies (Schwartz et al. 2004 , Booker et al. 2005 , Auldridge et al. 2006a , Auldridge et al. 2006b ). However, Alder et al. (2012) used CCD7 proteins from Arabidopsis, pea and rice to demonstrate that 9-cisb-carotene is a better substrate for CCDs than all-transb-carotene to produce an apocarotenoid, 9-cis-b-10 0 -carotenal. Interestingly, D27 was found to catalyze the isomerization of alltrans-b-carotene into 9-cis-b-carotene, the latter being the efficient substrate for CCD7. Moreover, the reaction product of CCD7, 9-cis-b-10 0 -carotenal, was further oxidized by CCD8. Strikingly, CCD8 was shown to introduce three oxygens into Fig. 2 Chemical structures of representative strigolactones. 5-Deoxystrigol, strigol and orobanchol are natural SLs. GR24 is a synthetic SL analog that is widely used by many researchers.
9-cis-b-10
0 -carotenal and catalyze intramolecular rearrangement, resulting in the production of a compound that has a carbon skeleton similar to that of SLs, including a methylbutenolide ring, a characteristic part of the SL structure. This product was named carlactone for its origin from b-carotene and its relationship to SL (Alder et al. 2012 ). When applied exogenously, carlactone was able to rescue the shoot branching phenotype of d27 and d10, but not that of d3, supporting the premise that carlactone is a biosynthetic intermediate for SLs. Additionally, carlactone was shown to stimulate the germination of S. hermonthica, a root parasitic plant. It was still unclear whether carlactone itself inhibited shoot branching (and stimulated S. hermonthica germination) or if it exhibited biological activity after being converted to SLs. Although carlactone is a likely biosynthetic precursor for SLs, it has not been detected from plant tissues as an endogenous compound. In addition, it has yet to be clarified whether carlactone is converted to SLs in plants in a feeding experiment. Despite these remaining questions, the discovery of carlactone was an important contribution to understanding the SL biosynthetic pathway.
Carlactone needs to be further oxidized to be finally converted to SLs (Fig. 1C) . Grafting experiments, using an Arabidopsis Cyt P450 mutant, max1, as a rootstock and max3 or max4 as a scion, resulted in a restored shoot branching phenotype. This observation suggested that MAX1 is a downstream component of MAX3 and MAX4, and that the substrate of MAX1 can move from roots to shoots (Booker et al. 2005) . Taken together, current evidence indicates that MAX1 is a downstream component of carlactone, and one possibility is that MAX1 oxidizes carlactone. If carlactone truly sits upstream of MAX1, max1 mutant plants would not respond to exogenously applied carlactone. Considering the structures of carlactone and SLs, we can expect that at least two positions of carlactone (C7 and C19, Fig. 1C ) should be oxidized to be converted into SLs, indicating that there is (are) one or more unidentified enzyme(s) for SL biosynthesis.
As mentioned above, the SL biosynthetic pathway has not been fully understood yet. However, the discovery of carlactone was a significant breakthrough and solved the long-standing question of how the chemically unusual SL skeleton is biosynthesized. We believe that, given the small number of enzymatic steps predicted to be required, the whole picture of the SL biosynthetic pathway will be uncovered in the near future.
Strigolactone Biosynthetic Inhibitors
Biosynthetic inhibitors can be powerful tools to investigate the function of bioactive molecules including plant hormones. Even when a mutation affects phenotypes only to a small degree due to genetic redundancy, biosynthetic inhibitors can often overcome these types of problems. For example, brassinazole, an inhibitor of brassinosteroid biosynthesis (Asami et al. 2000) , and abamine, an inhibitor of ABA biosynthesis (Han et al. 2004 , Kitahata et al. 2006 , have been effectively used to study the function of these hormones in various plant species. As mentioned above, fluridone can decrease SL levels. However, this chemical would affect the levels of a number of carotenoid-derived metabolites. Thus, more specific inhibitors for SL biosynthesis are needed to better understand the function of SLs. Moreover, SLs are known as seed germination stimulants of root parasitic plants. Without SL, seeds of root parasitic plants cannot germinate, and stay dormant in the soil. A previous work has shown that roots of an SL biosynthetic mutant, d10, are infected by fewer S. hermonthica plants (Umehara et al. 2008) , suggesting that the inhibition of SL biosynthesis can be an effective way for controlling root parasitic weeds.
Recently, some SL biosynthetic inhibitors have been developed. They are classified into two groups: CCD inhibitors and Cyt P450 inhibitors. Members of the CCD family catalyze the oxidative cleavage of carotenoids, leading to the formation of a wide range of apocarotenoid signaling molecules. The reaction mechanism of NCED, one of the enzymes of ABA biosynthesis, is proposed to involve a carbocation intermediate (Fig. 3A) , followed by the formation of a dioxetane ring or a Criegee rearrangement prior to cleavage. On the basis of this hypothesis, Sergeant et al. (2009) designed and synthesized some hydroxamic acids and tested their inhibitory effect on CCDs. They found that some of them inhibited Arabidopsis CCD7 (Fig. 3B) . Moreover, application of these chemicals to Arabidopsis plants resulted in an enhanced shoot branching phenotype compared with the untreated wild type, indicating that these chemicals can act as SL biosynthetic inhibitors. However, these chemicals affected not only CCD7 but also other CCDs. Furthermore, CCD7 is reported to be involved in the production of some mycorrhiza-induced apocarotenoids as well (Vogel et al. 2010 ). Thus, these hydroxamic acids appeared to be not strictly specific to SL biosynthesis.
Another target of SL biosynthetic inhibitors is the Cyt P450 superfamily; at least one P450 (CYP711A/MAX1) is involved in SL biosynthesis. It is known that some triazole-type chemicals are effective inhibitors of Cyt P450s in plant hormone biosynthesis, such as brassinazole for brassinosteroid biosynthesis (Asami et al. 2000) and uniconazole and paclobutrazol for gibberellins. Ito et al. (2010) ( Fig. 4) . Treatment of rice seedlings with this chemical effectively reduced SL levels in roots and in root exudates, and also induced tiller bud outgrowth in a concentration-dependent manner. However, TIS13 also caused growth retardation. The authors modified the structure of TIS13 to make more potent and specific inhibitors, and TIS108 was found to be more specific to SL biosynthesis (Fig. 4) . TIS108 decreased SL levels in roots and root exudates, but did not reduce plant height. The target of TIS108 and related inhibitors is still unknown, but these chemicals can be good tools to regulate SL levels in plants. Now, our knowledge regarding SL biosynthesis has been greatly improved by the discovery of carlactone (Alder et al. 2012) . Given the understanding of more detailed reaction mechanisms for CCDs and the identification of the MAX1 substrate, we might be able to design more specific and effective inhibitors of SL biosynthesis.
Structure-Activity Relationship Study of SLs as Plant Hormones
SLs were first identified as germination stimulants of root parasitic plants. Until now, there have been many reports on the structure-activity relationship studies of natural SLs and synthetic analogs for this activity (for a review, see Zwanenburg et al. 2009 ). Recently, the structural requirements of SLs as hyphal branching inducers of AM fungi have also been studied in detail (Akiyama et al. 2010 ). These studies suggested that the structural requirements of SLs for stimulating root parasite germination and for the induction of hyphal branching of AM fungi are similar, but not identical to each other, in particular the recognition of the enol ether bridge between the C and D rings.
More recently, there have been some reports on the structural requirements of SLs as shoot branching inhibitors. Fukui et al. (2011) reported that some debranone-type chemicals can effectively inhibit tiller bud outgrowth of hydroponically grown rice d10 mutant seedlings (Fig. 5) . d3 and d14, both of which are insensitive to SL, were also insensitive to the debranone-type chemicals, suggesting that they act in the SL pathway. Interestingly, these chemicals showed only very weak activity in stimulating S. hermonthica germination, unlike their strong activity in the inhibition of tiller bud outgrowth. These results suggest that debranones might be useful for controlling shoot branching without affecting the germination of root parasitic plant seeds. The results also suggested that the structural requirements of SLs as shoot branching inhibitors are not identical to those for stimulating the germination of root parasitic plant seeds. Boyer et al. (2012) reported on the synthesis of a number of SL derivatives and their shoot branching inhibition activity using garden pea plants. They concluded that the presence of both an a,b-unsaturated system and a methylbutenolide as the D ring in the same molecule is crucial for the activity in garden pea. The results also indicated that there is low specificity concerning the SL stereochemistry. It will be valuable to study whether the structural requirements of SLs revealed in pea are similar to those in other plant species.
SL Controls a Wide Range of Developmental Features
The first reported phytohormone-related function of SLs was inhibition of shoot branching (Fig. 6E ) (Gomez-Roldan et al. 2008 , Umehara et al. 2008 . Pleiotropic phenotypes of a series of SL-deficient and SL-insensitive mutants indicated, however, that SL function is not confined to shoot branching. Indeed, detailed analyses of the SL mutants in a number of species have shown that SLs control multiple aspects of plant development.
Root development
The SLs affect a variety of aspects of root development to regulate the architecture of the whole root system (for a review, see Koltai 2011) . Plants develop a few distinct types of roots. The root that emerges from the seed, called a radicle, grows as a primary root. Secondary roots (or lateral roots) initiate from the primary roots to form a complex root system. Roots may originate from non-roots, such as the stem, branches and leaves. In general, these are called adventitious roots. In monocot species, the adventitious roots grow from the nodes of the shoot and dominate the whole root system.
The length of the primary roots of Arabidopsis is positively regulated by SLs (Fig. 6D) (Ruyter-Spira et al. 2011) . The short root phenotype is rescued by an application of GR24 in SL-deficient mutants but not in max2. The positive effects of GR24 on primary root elongation are mainly mediated by the increase in the number of cells in the meristem and the transition zones. It is known that the gradient of auxin concentration is crucial for the size of the meristem and the transition zone in the roots (Benkova et al. 2003) . Ruyter-Spira et al. (2011) showed that the application of GR24 reduced the intensities of Fig. 4 Structures of SL biosynthetic inhibitors. TIS13 was discovered as a lead chemical. TIS108 was generated by modifying TIS13 to increase the potency and specificity. PIN1-, PIN3-and PIN7-green fluorescent protein (GFP) florescence in roots of Arabidopsis. Thus, they proposed that SLs regulate primary root elongation through the control of auxin flux in the roots. In contrast to the positive effects on the elongation of primary roots, Rasmussen et al. (2012) reported that adventitious root formation is suppressed by SLs (Fig. 6F) . They found that emergence of adventitious roots from Arabidopsis intact hypocotyl and pea stem cuttings was severely suppressed by GR24 application. In both cases, cell divisions in very early stage root founder cells were blocked. This action of SLs is independent from cytokinin signaling, while the interaction between SLs and auxin seemed rather complicated. Acceleration of adventitious root formation observed in max mutants was abolished in axr1, auxin signaling mutants, indicating that auxin signaling is necessary to suppress adventitious root formation. In contrast to what was reported in Arabidopsis and pea, the SLs conferred positive effects on the elongation of the crown roots in rice (Arite et al. 2012) . It was shown that the effects were conferred through the promotion of an increase in cell number. In rice, a large portion of the root system is composed of adventitious roots or crown roots. The different contribution of adventitious roots to the whole root system may account for the different effects.
Root hairs are important to absorb water, nutrients and minerals from soil. Kapululk et al. (2011a Kapululk et al. ( , 2011b showed that, in Arabidopsis, SLs promoted root hair elongation coordinately with ethylene through a common regulatory pathway (Fig. 6C ). In addition, a possible convergence of the SL and auxin pathways in the control of root hair elongation was suggested (Kapulnik et al. 2011b) .
It is known that Pi starvation promotes lateral root formation and elongation (for reviews, see Lopez-Bucio et al. 2003 , Peret et al. 2011 ). This effect is much weaker in max1 and max2, SL-deficient and -insensitive mutants, respectively, suggesting that endogenous SLs stimulate rapid growth of lateral roots in response to the Pi starvation. In contrast, SLs exert inhibitory effects on lateral root formation under normal Pi-sufficient conditions (Kapulnik et al. 2011a , Ruyter-Spira et al. 2011 .
Secondary growth of the stem
The involvement of SLs in the control of secondary growth, or thickening of shoots and roots, was recently reported (Fig. 6A ) (Agusti et al. 2011 ). Secondary growth is mediated by the proliferation of vascular cambium which contains stem cell-like activity. In max1, an SL-deficient mutant of Arabidopsis (Crawford et al. 2010) , the width of the cambium is decreased due to the reduced mitotic activity of the cambium cells. By contrast, an application of GR24 to the inflorescence stem induced cell divisions in interfascicular regions, where no cell divisions occur without GR24 treatment in wild-type and max1 plants. The effects were dependent on GR24 concentrations and were weaker in max2. Based on these results, Agusti et al. (2011) claimed that SLs promote secondary growth. They also showed that SLs induce secondary growth in pea, an annual herb, and in Eucalyptus globulus, a woody plant. Local application of GR24 to the stem increased the lateral extension of the cambium zone in Eucalyptus. An interplay of the secondary growth with auxin has been known for a long time, since secondary growth is enhanced by auxin and affected by decapitation (Agusti et al. 2011) . Agusti et al (2011) showed that the SL function to induce secondary development is mainly downstream of auxin and that local SL signaling within the vascular cambium is sufficient to promote secondary growth.
Leaf senescence max2 was originally reported as oresara9 (ore9), one of the delayed leaf senescence mutants (Woo et al. 2001) . Onset of all the typical symptoms of senescence, such as decreased Chl content, reduced photochemical efficiency of PSII and reduced membrane ion leakage, are delayed in max2/ore9 (Woo et al. 2001 , Woo et al. 2004 ). In addition, expression of senescenceassociated genes is delayed in max2/ore9 leaves, indicating that MAX2/ORE9 functions as a positive regulator of age-dependent natural senescence and hormone-induced senescence upstream in the regulatory cascade of the senescence pathway. The delay of the senescence phenotype was also reported in rice d3, an orthologous mutant of max2 (Yan et al. 2007) . A similar phenotype was observed in dad1, an SL-deficient mutant of petunia (Snowden et al. 2005) , suggesting that SLs act as positive regulators of leaf senescence. However, the senescence defects have not been reported in SL-deficient mutants in other species; thus, more detailed analysis is required for a definitive conclusion on the involvement of SLs in the control of senescence (Fig. 6B) .
SLs Act as a Mediator of Plant Growth in Adaptation to the Environment
The levels of SLs in roots and root exudates are extensively elevated under Pi-and nitrate-deficient condition (Yoneyama et al. 2007a , Yoneyama et al. 2007b , Umehara et al. 2008 . SLs exuded from roots are perceived by AM fungi and induce hyphal branching, a step necessary to establish symbiosis. Since AM fungi assist plants in acquiring inorganic soil nutrients, such as Pi and nitrate, exudation of higher levels of SLs in starvation conditions is a reasonable strategy. The discovery of SLs as inhibitors of shoot branching revealed another dimension to the biological consequences of SL function; that is, under limited nutrient availability, plants direct the limited nutrient resources to already existing shoots by minimizing the production of new branch shoots. Umehara et al. (2010) tested this notion and proved that plants indeed employ this strategy. They showed that tiller growth of rice is suppressed under low Pi conditions, while the suppression was not observed in d10, an SL-deficient mutant. Thus, promotion of SL synthesis is necessary for branch suppression in response to low Pi conditions.
The contribution of SLs in adapting a plant's development to its environment may not be limited to shoot branching. The effects of SLs on leaf senescence are noteworthy. Senescence of leaves allows plants to reallocate nutrients from old parts where nutrients are no longer required to younger parts where development is still occurring. Senescence is finely controlled by both external and internal factors so that it occurs at a time and a place that are most beneficial to the plant. The environmental factors that cause senescence include availability of nutrients such as Pi and nitrate. Control of senescence by SLs is likely to be one of the adaptive responses to limited availability of Pi and other nutrients.
The influence of SLs on root development may be via adaptive responses to the environment, particularly the availability of inorganic nutrients. It is known that, in low Pi conditions, primary root growth is strongly inhibited while elongation and formation of root hairs and lateral roots are enhanced in Arabidopsis (for a review, see Peret et al. 2011) . These changes lead to generation of a shallower root system to absorb nutrients from the upper part of the soil where Pi tends to accumulate. Root hair elongation, lateral root formation and adventitious root formation are enhanced, whereas primary root growth is inhibited by SLs. Although details should be determined by future analysis, an attractive scenario to explain these relationships is that SLs work as global mediators of development and the environment to cope with the changes to the environment. Agusti et al. (2011) proposed that control of secondary growth by SL is an adaptation to the change of the growth phase to frugal mode so that plants can coordinate their growth pattern to optimize their growth. In conclusion, recent findings indicate that SLs work as a mediator between plants and the environment as well as signaling molecules within a plant.
PDR1, an ATP-Binding Cassette (ABC) Protein Functions as a Cellular SL Exporter
Proper spatial and temporal localization of active components is crucial for the function of phytohormones. Cellular levels of phytohormones are controlled at multiple steps such as biosynthesis, catabolism and transport. Among phytohormones, SLs are unique in being exuded from roots and acting as signaling molecule to promote hyphal branching of AM fungi in addition to their roles in controlling a number of aspects of plant development. This suggests that the level of SL secretion is also likely to be properly controlled. Previous results obtained from grafting experiments using mutants demonstrated that SLs are transported a long distance from roots to shoots. Indeed, it has been shown that SLs are transported through the xylem sap ; however, the molecular mechanisms of SL transport are largely unknown. Recently, PDR1, an ABC protein of Petunia hybrida, was discovered as a cellular SL exporter (Kretzschmar et al. 2012) . Interestingly, PDR1 is the closest homolog in Arabidopsis of ABCG40, which transports ABA (Kang et al. 2010 ). PDR1 expression is induced by GR24, as is the case for other PDR subfamily members, suggesting the existence of feedback regulation. Determination of the exact site of synthesis of SLs and the mechanisms of their transport will be essential for further comprehensive understanding of the function of SLs as mediators of plant development and the environment.
Involvement of SLs in the Control of Photomorphogenesis
Among four max mutants of Arabidopsis, max2 shows unique phenotypes that are absent in the other three max mutants (Stirnberg et al. 2002 , Booker et al. 2004 , Booker et al. 2005 . max2 seedlings contain longer hypocotyls and smaller cotyledons compared with those of the wild type. Because these phenotypes are observed only in the light, a connection between MAX2 and light signaling was implicated (Stirnberg et al. 2002) . In support of this view, MAX2 was subsequently identified as a causal gene of pleiotropic photo signaling (pps), a photomorphogenesis mutant (Shen et al. 2007 , Shen et al. 2012 . Detailed analysis of max2/pps phenotypes demonstrated that photomorphogenesis is affected under red, far-red and blue light conditions in max2/pps. In addition to the abnormalities in the hypocotyl and cotyledons, reduction of lightinduced seed germination and expression of early light-regulated genes under red and far-red light conditions were also demonstrated. These observations indicated that MAX2 acts as a positive regulator of photomorphogenesis (Shen et al. 2007 , Tsuchiya et al. 2010 , Nelson et al. 2011 .
The discovery of SLs enabled more detailed analysis of the interactions between MAX2 and light signaling. Exogenously applied GR24 inhibited seedling hypocotyl growth in the absence of red/far-red photoreception and/or blue light photoreception, but not in an elongated hypocotyl 5 (hy5) background (Tsuchiya et al. 2010) . Thus, the action of SL function is downstream of photoreceptors and upstream of HY5. HY5 is a bZIP transcription factor that promotes photomorphogenesis (Oyama et al. 1997 , Ang et al. 1998 . The HY5 protein is degraded by COP1, an E3 ligase in the nucleus, in the dark. Tsuchiya et al. (2010) demonstrated that GR24 inhibits nuclear localization of COP1, resulting in enhanced HY5 accumulation in the nucleus, leading to strengthening of light signaling. In addition, GR24 also increases HY5 at the mRNA level (Toh et al. 2012) . A similar up-regulation of light-responsive genes by GR24 treatment was observed in tomato . This indicates that the function of SLs as positive regulators of light signaling is conserved across species. In rice, the mesocotyl of all known SL mutants grows longer than that of the wild type in the dark. This phenotype is rescued by the application of GR24 in d10, d17 and d27, SL-deficient mutants, in a dose-dependent manner, but not in SL-insensitive mutants, such as d3 and d14 (Hu et al. 2010) . The inhibitory effect of SLs on mesocotyl elongation is accomplished mainly through the suppression of cell division. Jasmonic acid is also known to be involved in the light-dependent negative regulation of mesocotyl elongation in rice (Riemann et al. 2003) . A possible interaction between SL and jasmonic acid in the control of mesocotyl elongation in rice is proposed, but the details of the relationship between the two pathways remain to be studied.
Conservation of the SL and Karrikin Signaling Pathways
Seed germination of a wide range of plant species is enhanced by exposure to smoke. It is an adaptation to naturally occurring bushfires and evolutionary innovation that takes advantage of less competitive conditions for light, nutrients and water after the fires. Karrikins (KARs) have been identified as the bioactive compound in smoke that stimulates seed germination (Flematti et al. 2004 ). The overall chemical structures of KARs and SLs are not similar, but both classes of compounds contain a butenolide ring. Although KARs have not been identified as endogenous components in plants to date, the effects of KARs in triggering seed germination and stimulating photomorphogenesis have been demonstrated (Shen et al. 2007 , Nelson et al. 2009 , Nelson et al. 2010 , Nelson et al. 2011 , Waters et al. 2012 . Interestingly, the effects of KARs on seed germination and photomorphogenesis resemble those of GR24. A genetic screen for KAR-insensitive mutants identified two independent max2 alleles (Nelson et al. 2011) . Analysis of the mutants revealed that MAX2 works in the signaling of KARs. In addition to KAI1, KARRIKIN INSENSITIVE2 (KAI2) was also identified from the screening. KAI2 encodes an a,b-hydrolase which is a homolog of D14 (Waters et al. 2012) . D14 family genes are classified into D14-and D14-like clades, and KAI2 belongs to the D14-like clade. KAI2/AtD14-like was previously reported as HYPERSENSITIVE TO LIGHT (HTL) (Sun and Ni 2011) . Waters et al. (2012) have shown that KAI2 is required for responses to KARs and to SLs. On the other hand, the function of AtD14, a D14 ortholog in Arabidopsis, is specific to the SL response. Intriguingly, MAX2 works in common in the two separate signaling pathways.
Phylogenetic analysis of D14 homologs shows that the D14-like clade is ancestral (Arite et al. 2009 , Delaux et al. 2012 . D14 clade genes have been found only in angiosperms and gymnosperms to date, whereas D14-like clades genes have been found in wider species including green algae (Delaux et al. 2012) . The model bryophyte (Physcomitrella patens) genome, whose sequencing has been completed, does not contain a D14 ortholog but multiple copies of D14-like genes. A plausible explanation for this is that the SL pathway in which D14 works might be an innovation made after the diversification of angiosperms. Accordingly, D14 might have been a key player in evolution of SL signaling. Identification of the component for D14-like will help to understand the original role of SLs and evolution of their function.
Conservation of SL Functions in Diverse Plant Species
Since their discovery as a class of new phytohormones that suppresses axillary shoot outgrowth in rice, Arabidopsis and pea, the function of SLs has been studied in other plant species including tomato, petunia and chrysanthemum (Liang et al. 2010 , Vogel et al. 2010 . All studies have demonstrated that the basic mechanisms of SLs in the control of shoot branching are well conserved despite the divergent patterns seen in their shoot architecture.
Genes encoding CCD7 and CCD8s are present in the genomes of basal Embryophytes, such as mosses and liverworts, indicating the ancient origin of SLs (Proust et al. 2011 , Delaux et al. 2012 . Accumulation of SLs in mosses and liverworts was experimentally confirmed by liquid chromatography-tandem mass spectrometry (LC-MS/MS) (Proust et al. 2011 , Delaux et al. 2012 . In P. patens, disruption of the CCD8 gene (Ppccd8Á) resulted in an extensive decrease in the endogenous SL level. Furthermore, expression of CCD8 and CCD7 was up-regulated in Ppccd8Á, as is the case in pea, rice and Arabidopsis. These results indicate that feedback regulation of SL biosynthesis probably operates in P. patens. Intriguingly, Delaux et al. (2012) recently demonstrated the presence of SLs in green algae species in spite of the absence of canonical CCD7 and CCD8 genes. They analyzed several species in Charophytes. The Charophyta are a division of green algae which includes Charales, the closest relatives of the embryophyte plants. The presence of SLs was proven in three species belonging to Charales; however, no activity was found in green algae species outside of Charales. Because Charales do not participate in AM symbiosis, Delaux et al. (2012) proposed a hypothesis whereby the SLs appeared to play hormonal roles to control rhizoid elongation and later were recruited as symbiotic signals to facilitate symbiotic interactions. It is an exciting prospect that future analysis will provide more insights in the evolution of SLs.
The roles of SLs were examined in P. patens (Proust et al. 2011) . In Ppccd8Á, the spores germinate earlier and the chloronema generate higher order branches than in the wild type (Fig. 6G) . The colonies of the wild type suddenly stop their extension, whereas Ppccd8Á colonies continue to extend their size. However, when wild-type and Ppccd8Á colonies were co-cultured, the Ppccd8Á colonies displayed the regulated sudden termination of colony growth. This suggests that a diffusible signal, most probably SLs, is secreted from wild-type moss colonies inhibiting colony extension and filament branching (Fig. 6H) . Based on these findings, Proust et al. (2011) proposed that, in P. patens development, SLs might have functions similar to the quorum-sensing signal in bacteria. Although P. patens is not mycorrhizal, there are a number of mycorrhizal bryophytes, such as liverworts. Thus, the origin of symbiosis with mycorrhizae very probably occurred before the diversification of the bryophytes. It will be fascinating when the original role of the SLs is revealed, as well as the roles they played in the adaptation of plants to terrestrial environments.
